We present the results of optical and infrared photometry of the quiescent X-ray transient V404 Cyg during the period 1992-2003. The ellipsoidal modulations extracted from the most complete databases (years 1992, 1998 and 2001) show unequal maxima and minima with relative strength varying from year to year although their peak to peak amplitudes remain roughly constant at 0.24±0.01 magnitudes. Fast optical variations superimposed on the secondary star's double-humped ellipsoidal modulation were detected every year with a mean amplitude of ∼0.07 mags. We have not found significant changes in the activity during this decade which indicates that this variability is probably not connected to the 1989 outburst. We have found periodicities in the 1998 and 2001 data near the 6 hr quasi-periodicity observed in 1992, although we interpret it as consequence of the appearance of a flare event almost every night. Significant variability is also present in the I and near infrared (J and K s ) bands and this decreases slightly or remains approximately constant at longer wavelengths. A cross correlation analysis shows that both the R and I emission are simultaneous down to 40 s.
INTRODUCTION
Low-Mass X-ray Binaries (LMXBs), are semi-detached binary systems where a normal low-mass late type star transfers gas onto a compact remnant i.e. a neutron star or black hole. A significant fraction of LMXBs are soft X-ray transients (SXTs) characterized by episodic X-ray outbursts where the luminosity increases dramatically. During the long intervals (usually many years) between outbursts, the SXTs are in quiescence and the optical emission is dominated by the radiation from the companion star. This offers a superb opportunity to analyze and obtain dynamical information which eventually enables us to constrain the nature of the compact object (see eg. Charles 1998 , Casares et al. 2001 . The majority of these systems appear to contain black holes and they are, in fact, the best evidence we have for the existence of stellar mass black holes. The most secure case is the SXT V404 Cyg which has a mass function of 6.08 ± 0.06 M⊙ (Casares, ⋆ E-mail:czurita@oal.ul.pt (CZ) Charles & Naylor 1992) , twice the usually accepted upper limit to that of a neutron star (Rhoades & Ruffini 1971) . The estimated mass for the compact object is 12±2 M⊙ (Shahbaz et al. 1994 ) which, together with GRO 1915+105 (Greiner, Cuby & McCaughrean 2001) , are the most massive stellar mass black holes yet measured.
Furthermore, V404 Cyg is considered a peculiar SXT because it has one the longest orbital periods (6.5 d; and is the most X-ray luminous in quiescence (LX ∼ 10 33 − 10 34 erg s −1 ; Garcia et al. 2001 ). Apart from this, it is largely known that V404 Cyg exhibits short-term (sub-orbital) variations during quiescence in the optical continuum (Wagner et al. 1992; Pavlenko et al. 1996) and Hα flux Casares et al. 1993) where the Hα profiles seems to be correlated to the continuum . The infrared (Sanwal et al. 1995) , X-rays (Wagner et al. 1994 ; Kong et al. 2002) and radio (Hjellming et al. 2000) are also variable. Recent simultaneous observations in X-rays and optical show that optical line and continuum variability are well correlated with X-rays flares (Hynes et al. in preparation) . On the other hand it seems that fast variability during quiescence is not a peculiarity of V404 Cyg but a fingerprint of quiescent SXTs, irrespective of the nature of the compact object Hynes et al. 2003, hereafter ZCS) . Although these variations seem to originate in the accretion disc rather than in the optical companion or gas stream/hot spot (Zurita & Casares 1998; Hynes et al. 2002, ZCS) the underlaying physical mechanism is not yet understood. The dynamical (Keplerian) timescales associated with these fluctuations suggest that the flares are produced in the outer disc (ZCS). Alternatively , based on the similarities of the power density spectrum (PDS) of A0620-00 to those of low/hard state sources Hynes et al. (2003) have pointed out that the optical variability is at least partly related to the inner accretion flow even in quiescence. This suggestion was also supported by the discovery of the correlated optical and X-ray flares (Hynes et al. in preparation) .
Since V404 Cyg is the brightest SXT, and hence accessible with 1-m type telescopes, we embarked on a study of the fast variability over the period 1992-2003. This paper comprises of a simultaneous optical and infrared photometric study, with the aim to determining the colour of the variability and its possible origin.
OBSERVATIONS AND DATA REDUCTION
We obtained CCD photometry of V404 Cyg with various 1 m-class telescopes during the years 1992, 1998, 1999, 2001, 2002 and 2003 . The 1992 data were obtained in the Johnson R band with the GEC CCD camera on the 1 m JKT telescope at Observatorio del Roque de los Muchachos. V404 Cyg was observed in 1998 simultaneously in the R and I band with identical Thomson CCD cameras at both the 0.8 m IAC80 and 1 m OGS telescopes at Observatorio del Teide. We also obtained R band photometry in 1999 with the SITe2 CCD camera on the JKT. Further details on the 1992 and 1999 observations can be found in Pavlenko et al. (1996) and Hynes et al. (2002) respectively. During Jul-Sep 2001 R-band and J and Ks simultaneous observations were performed using the Thomson CCD camera at the 0.8 m IAC80 and the infrared camera at the 1.5 m Telescopio Carlos Sánchez (TCS) also at Observatorio del Teide. Finally we observed V404 Cyg during May-Jun 2002 and Jul 2003 also in the R-band and with identical Thomson CCD cameras at both the 0.8 m IAC80 and 1 m OGS telescopes at Observatorio del Teide. Full details of these observations are given in Table 1. All images were corrected for bias and flat-fielded in the standard way using iraf. Seeing conditions were not good enough to cleanly separate the contribution of the target and its nearby (1.4 arcsec) line-of-sight star (Udalski & Kaluzny 1991 ) so we applied straightforward aperture photometry using a large aperture of 3.5 arcsec which adds the flux from both stars and which was subsequently corrected (see next section). Several comparison stars within the field of view were checked for variability during each night and during the entire data set.
THE R BAND LIGHT CURVES

The ellipsoidal modulation
The true V404 Cyg R-band lightcurves were obtained after subtracting the contribution of the contaminating companion star, assuming that it had R=17.52±0.01 as given in Casares et al. (1993) . We then folded our data using the ephemeris of Casares & Charles (1994) . These lightcurves show the classical secondary's ellipsoidal modulation (see Shahbaz et al. 1994 ) although with superposed variability.
The ellipsoidal modulation is due to the differing aspects that the tidally distorted secondary star presents to the observer through the orbital cycle. An ideal pure ellipsoidal lightcurve is hence a double humped modulation with two equal maxima and two somewhat different minima (the minimum at phase 0.5 is deeper because gravity darkening is more pronounced in the direction of the L1 point (Avni & Bahcall 1975) . This modulation was first simulated employing two sine waves at the orbital frequency and its first harmonic, where the fundamental allows the minima to vary. Relative phases were fixed to produce equal maxima. However, it has been largely reported that lightcurves of quiescent transients often exhibit unequal maxima as well (eg. A0620-00 : Haswell 1996; Gelino, Harrison & Orosz 2001 -J1118+480: Zurita et al. 2002 -J2123-058: Shahbaz et al. 2003 . The distortions from the theoretical case could be explained assuming a non-constant contribution of the accretion disc, X-ray heating, spots on the surface of the secondary star or light from the stream impact point. In any case, we also account for this possibility by allowing the sine phases to vary independently. We then fitted these two models to the mean light curve and also to the lower envelope. The lower envelope was constructed as has been previously explained in Pavlenko et al. (1996) and ZCS, that is, for each night we have selected all brightness estimates which differ from the minimum by no more than twice the accuracy of the observations. The selected data were then averaged in time and phase intervals. We found the best representation (the minimum χ 2 ) fitting the lower envelope with the second model. These fits for the years with a most complete database (1992, 1998 and 2001) are shown in Figure 1 . Both minimum and maximum magnitudes varies. The maximum at phase 0.25 is higher than at phase 0.75 and also the minimun at phase 0.5 is deeper than at phase 0. However their relative strength changes from year to year. Apart from this, the peak to peak amplitude of the first harmonic remains roughly constant at 0.24±0.01 magnitudes, a key fact in the modeling of V404 Cyg and the determination of its component masses. We note that the 1998 lightcurve obtained by Pavlenko et al. (2001) in the same band exhibits equal maxima, however we cannot conclude whether this behaviour reflects a real change in the system, since both lightcurves are not simultaneous, or is due to an incomplete sampling.
The superimposed fast variability
We assumed that the fast variability superimposed on the ellipsoidal curve is not related to the ellipsoidal modulation so the former was isolated by subtracting the lower envelope Figure 2 and the result of the subtraction is represented in Figure 3 .
Examining these lightcurves we find that the observed variations resemble the lightcurves of stellar flares, i.e. rapid and strong increases in brightness. We consider a flare to be any variation which differs from the mean level by more than 3σ. We found in many nights large single events of ∼2 h or more duration appearing together with faster and small amplitude variations. Other nights, however, only the faster variations are present. The shape of the large flares seem to be symmetric with similar rise and decay times. In order to characterize the flares and quantify the flare activity we calculate the mean,z, standard deviation corrected for the instrumental error, σz (i.e. we subtract the instrumental error in quadrature ) and equivalent duration (Πz) of the relative intensity lightcurves, i.e. relative to the steady nonvariable level (see ZCS).
Here z is the relative intensity, defined as:
where I and Iq are the observed intensities of the flaring and not flaring state respectively. The equivalent duration (Π) is defined as:
The total energy of the flare (E) is obtained by multiplying the equivalent duration by the system's luminosity. i.e. E = 4 π d 2 Fq Π erg (where d is the distance to the system and Fq is the dereddened observed quiescent flux). The time-averaged flare luminosity < LR > is defined as the sum of the energies of the individual flares divided by the total monitoring time (Mt). The system properties and the resulting parameters of the variability are summarized in Tables 2 and 3 respectively.
We note that the flare mean level and the time-averaged flare luminosity are somewhat sensitive to the ellipsoidal model which is subtracted. It may be that the model is not an ideal representation of the non-variable level due to our incomplete sampling and effects other than the flares which distort the ellipsoidal modulation. In contrast, the standard deviation (σz) is not significantly affected by the model assumed. We hence consider that σz is the best flare level activity indicator. We do not find any clear trend towards increasing or diminishing flare activity with time (see Table 3 and Fig. 4) . Moreover, the long-term photometric study of V404 Cyg during quiescence performed by Pavlenko et al. (2001) also shows the fast variability persisting over the decade 1992-2000 with variable amplitude. In particular in 2000 the mean amplitude was 0.06. This is consistent with our data as is clear in Fig. 4 . We estimate the flare activity to be roughly constant withz ∼0.065, σz ∼0.036 and < LR >∼13×10 32 erg s −1 . Assuming that the X-ray (0.3-7 kev) luminosity is < LX >∼5×10 33 erg s −1
(from the Chandra spectrum; Kong et al. 2002) we estimated the ratio between optical flare and X-rays luminosities: < Lopt/LX >∼0.3
SEARCHING FOR PERIODICITIES
As the short term variations are non-sinusoidal we have attempted to analyze and separate the periodicities present in the data by fitting a Fourier series to the lightcurves over a range of frequencies, ν (Martinez & Koen 1994). A plot of the reduced χ 2 of each fit versus ν should have a minimum at the fundamental frequency of oscillation in the data.
We applied this method after resampling the data from different years to the same time resolution, and after detrending the long-term variations by subtracting the lower envelope as explained in the previous section. We rejected those nights having less than 3 hrs coverage so as to avoid peculiar offsets due to poor sampling. The χ 2 spectrum is computed in the range 3 to 10 cycles d −1 with a resolution of 5×10 −2 cycles d −1 and with 3 terms in the Fourier series. They are shown in Fig. 5 where we have also marked the 68 percent confidence limit at χ With the 1992 data, we reproduce the results already published in Pavlenko et al. (1996) . There exist a peak in the vicinity of 6 hr (0 d .25) which is split into two (at Parameters extracted from Wagner et al. (1992) ; Shahbaz et al. (1994) ; Pavlenko et al. (1996); Martin (1999) and Casares et al. (1993) . Table 3 . V404 Cyg flares properties for the different years. .250 all of them with the same significance. We note that these data were also analysed in ZCS. Here a Lomb-Scargle periodogram was performed yielding significant peaks only above 1 hour but with a complicated alias pattern which makes it difficult to distinguish any periodicity. Finally, we also note that Hynes et al. (2002) analysis of the 1999 lightcuves obtained at CrAO and SAI 1 together with our 1999 JKT data could not find any clear periodicity. Here the peak with highest significance has a period of 0 d .254 although other periods are also possible. Clearly there is no coherent period in our database but variability on a characteristic timescale of about 6 hours is detected.
THE COLOUR OF THE FLARES
5.1 The 1998 simultaneous R and I photometry V404 Cyg was also observed simultaneously in the R and I bands during 1998. To extract the true I magnitudes of V404 Cyg, we previously subtracted the contribution of the contaminating star, Ics. We calibrated the unresolved pair of V404 Cyg plus contaminating star using the I 1 with the 0.38-m telescope of the Crimean Astrophysical Observatory (CrAO) and the 1.25-and 0.6-m telescopes of the Sternberg Astronomical Institute (SAI) in 1999.
magnitudes tabulated in Martin (1999) and then subtracted the real median magnitude of V404 to find Ics = 17.0±0.1. The resulting lightcurve is shown in figure 6 , where fast variability is clearly superimposed on the ellipsoidal modulation. We detrended the long-term ellipsoidal modulation by subtracting the lower envelope as explained in section 3. We also binned the lightcurves to 300 s.
Variability is clearly seen in the I band as well, following the same pattern as the variability in the R band (see Fig. 8 ). We calculate the mean, standard deviation of the lightcurves and the equivalent duration of the flares relative to the steady non-variable level in both the R and I bands. We note that although the time resolution is the same, the parameters for the R band change from those reported in section 6 since now we are only including in our analysis the nights with silmultaneous observations. The results are given in table 4.
The flare activity in the R band is larger than in the I band although we note that the relative contribution of the secondary star and the accretion disc to the total light is different at both wavelengths. In the case of V404 Cyg the distribution of the veiling rises toward the blue following a power law of index α = −3.4 ± 0.9 which basically reflects the drop in the photospheric flux of the last-type companion short ward of 5300Å (Casares et al. 1993) . We also calculated the fluxes of the flares in both bands. To do it we first de-redden the observed magnitudes using for the reddening a value of AV =2.8 (see Shahbaz et al. 2003b) and then subtracted the ellipsoidal modulation constructed as explained in the previous sections from the de-reddened lightcurve yielding the monochromatic flux of the flares. We obtained FR = 1.25 mJy and FI = 0.41 mJy, so the mean flux density ratio of the flares is FR/FI ∼ 3. Nevertheless there exists several sources of error in the calculation of the flare fluxes. First, there is the photometric errors as well as the correction of the flux from the nearby star which contaminates V404 Cyg (see section 3). The photometric accuracy is ∼1 percent in both bands but the magnitude of the contaminating star is known with a ∼1% and ∼10% accuracy in R and I respectively although, in fact, we must consider these values as lower limits since they were obtained from the literature and there is difference between effective band passes on different telescopes. But the main source of error is the determination of the reddening. If we use the extreme values for the reddening AV =4.0 and AV =2.2 (Casares et al. 1993; Shahbaz et al. 1994) we found an 80% error in the determination of the ratio FR/FI . In addition we should note that the lower envelope could not reproduce accurately the secondary's star lightcurve since there are several factors which distort the ellipsoidal modulation that we cannot quantify.
To test if the flaring activity is simultaneous in the two bands, or if one lags the other, we calculated crosscorrelation functions between them. This analysis identifies correlations and reveals the mean lag between the R and I variability. We used the Discrete Correlation Function or DCF (Edelson & Krolik 1988) . Our DCF , for the nights when simultaneous observations last more than 6 hours (21, 24 and 25 Aug.), is shown in figure 7 . Here positive lags correspond to R variations lagging behind those in I. The correlation is clearly significant at the 3σ level although the peak appears asymmetric. This could correspond to R variations lasting longer than those in I. According to Tonry & Davis (1979) , we estimate a delay of R with respect to I of (49±40 s). The measured delay is clearly not significant at the 3 σ level and is below the time resolution used, so is almost certainly not real. We hence conclude that both the R and I emission are simultaneous within the observational errors. In fact this is the result we expect since both bands are close in wavelength and so probably originate in the same region.
The 2001 simultaneous R and infrared photometry
Because the fractional quiescent emission rises toward the infrared, it is of considerable interest to investigate the properties of the flare emission in this band. Even in the infrared the remaining contamination due to flares can have significant impact on the binary parameters derived from modeling the ellipsoidal variations (e.g. Sanwal et al. 1995; Shahbaz et al. 1996) . We also observed V404 Cyg simultaneously at optical and infrared wavelengths during 2001. After performing aperture photometry around the target and its close companion, we subtracted the latter by assuming J=14.53 (Casares et al. 1993 ) and K=14.3 (Shahbaz et al. 1996) . The lightcurve is shown in figure 9 , where fast variability is superimposed on the ellipsoidal modulation.
We removed the long-term ellipsoidal modulation by again subtracting the lower envelope as in section 3. The non-ellipsoidal variability is shown in figure 11 . To obtain the same temporal resolution in all filters, we first binned the R data and then performed linear interpolation of the R and Ks magnitudes to the times when the J magnitudes are given. We note variability above the noise level, also in the infrared bands. In some nights the infrared emission is clearly correlated with the optical (7, 8, 10 and 28 Aug.), with amplitudes ∆J ∼0.16 mags and ∆Ks ∼0.08 mags. On the night of 3 Aug. the Ks flux shows a steep variation with 0.1 mags amplitude and ∼1 hour duration not correlated with the optical or J band flux.
In this case we also obtained the flux densities as was made in the previous section using the extinction law by Rieke & Lebofsky (1985) . These fluxes in the regions with simultaneous photometry are FR=0.97 mJy, FJ =0.68 mJy and FK =0.23 mJy. Assuming FR/FI ∼ 3 and a ∼80 percent uncertainty in this ratio (see previous section) we estimated the flux density in the I band. Also we compared our values with those obtained by Shahbaz et al. (2003b) to extract the spectrum of the flares (Fig 10) . These last values are actually the fluxes at the peak of individual flares so we consider them as upper limits. Apart from this, we can only obtain a very rough estimation since we are comparing data from different epochs and with large uncertainties.
In order to characterize the flare activity, we calculate the parameters of the variability in the three bands, the results being given in table 5. We found lower activity at longer wavelengths although, as we will discuss in the next section, the relative contribution of the accretion disc depends on the waveband and hence a further correction must to be made.
DISCUSSION
Our R band lightcurves, obtained during the period 1992-2003, show considerable suborbital variability in addition to the ellipsoidal modulation. Assuming that these variations are not connected, we obtained a representation of the ellipsoidal modulation of the tidally distorted secondary star by fitting a double sine to the lower envelope of the lightcurve. The fits performed with the most complete databases (years 1992, 1998 and 2001) show unequal maxima and minima with relative strength varying from year to year. This behavior could be explained assuming starspots on the secondary star. This is a very widespread phenomenon among cool stars. Axial rotation of a spotted star and slow variations of the starspot geometry cause photometric variability which is expressed in brightness rotational modulation and slow variations of mean stellar lightcurves. Other possibility is they are produced by changes in the accretion disc geometry and brightness due a superhump, i.e. optical modulation as a consequence of the precession of an eccentric accretion disc by perturbation from the secondary. This is a very promising suggestion since superhumps in a quiescent SXT have already been detected (J1118+480, Zurita et al. 2002) . Superhumps have also been largely invoked to explain the changing quiescent lightcurve of the prototypical black hole candidate: A0620-00 (eg. Haswell 1996) . After subtracting the corresponding lower evelope fits from the original data the lightcurves are dominated by large flares (∼ 0 m .2) lasting a few hours. In addition, shorter timescale variability (∼ 0 m .05) is present with lower amplitude. Our photometry indicates that the flaring activity did not change significantly over this 10-year interval which indicates that this variability is probably not connected to the 1989 outburst.
We have also found significant variability in the I and near-IR band (J and Ks) and these are correlated. In 1990, just one year after the outburst, a variation of ∼ 0 m .2 was seen in several visible bands (Casares et al. 1993) . In 1991, the variability originally interpreted as a six hour modulation, decreased to ∼ 0 m .1, but no significant changes were reported in the interval 1992-1993 (Martin 1999) . Infrared photometry in 1990, was dominated by a ∼ 0 m .2 amplitude at a periodicity of ∼6 hours (Casares et al. 1993) . Also 1993 H band data presents significant variability contaminating the ellipsoidal modulation (Sanwal et al. 1995) . They reported an rms scatter of ∼ 0 m .04 for V404 Cyg and ∼ 0 m .02 for the comparison star. This yields a flare activity level of σz ∼0.032, which is consistent with our values. In 1993, K band photometry obtained by Shahbaz et al. (1994) does not show short term variability, with an upper limit of ∼ 0 m .03. However in this case, only one night of more than 6 hours of continuous coverage was obtained.
We have also found that lower activity is found at longer wavelengths. However, as we have pointed out in ZCS the flare activity level calculated as σz represents the flare activity relative to the underlying smooth modulation (Fq). Fq contains two distinct components: the flux from the companion star, Fc and the flux from the non-variable, steady accretion disc, F d (see figure 9 in ZCS for clarity). The relative contribution of the accretion disc depends on the wave band and hence, if we assume that the flares are produced in the accretion disc (see Hynes et al. 2002, ZCS) , a more useful parameter to compute is the flare activity relative to the flux from the steady disc, rather than relative to the total non-variable flux, which is given by
where
We can determine η d using the spectroscopic value for the veiling η obs , which is defined as
whereF f is the mean flux of the flares, and find Casares et al. (1993) reported that the accretion disc contributes 11-16 percent of the observed flux in R (see also Casares & Charles (1994) ). Therefore we assume an observational veiling of η obs = 13% in this band. We also estimate an observational veiling of ∼ 12% in the I band by extrapolating from the veiling in B, V and R (Casares et al. 1993) . On the other hand, Shahbaz et al. (1996) determined the fraction of the light arising from the accretion disc in the K band varies from 0 to an upper limit of 11 percent. We hence consider η obs =5 percent in this case. The corrected values using these factors, are tabulated in table 6. The uncertainties on the veiling and the limited database only allows us to say that the activity diminishes slowly or remains approximately constant through the IR. In the 1992 series of B, V , R and I band observations (16 measurements spread over 16 nights; see Martin 1999 ) an estimate of the variability could be obtained by comparing the variance with the photometric noise and the optical variations. This variance increases toward the blue suggesting that the source of fast variability in V404 is indeed blue. We note however that Shahbaz et al. (2003b) determined the colour of the large flares and found the i ′ (λ ef f 7650Å) band flux to be larger than that in the g ′ (λ ef f 4750Å) band. Comparing with these data we obtained an estimated spectrum with a peak at λ ef f 7000Å(see Fig. 10 ).
In an attempt to compare the infrared variability we also observed the SXT with highest flares: J0422+32, where events as high as 0.6 mag where observed (ZCS). Observations of this system in the H band covering half of its orbital period do not show variability above ∼0.06 mags, the estimated error of our photometry (Zurita et al. in preparation) . Comparing with the variability we observed in the R ′ band (ZCS) and assuming that the disc contributes ∼30% in H (Beekman et al. 1997) we estimate that the activity in the infrared is, at least, 33% lower than in the optical. Although only a very crude estimation can be made, among other things because the observations are not simultaneous and because the value of the veiling is not well determined, it seems that the spectrum of J0422+32 flares also drop at longer wavelengths. On the other hand, no significant contamination of the infrared lightcurves of J0422+32 has been found by Gelino & Harrison (2003) .
The quasi periodic oscillations noticed in the earliest data (1992 -see Pavlenko et al. 1996) are less clear in our more recent data (1998 and 2001) . However, the periodograms show peaks close to 6 hr at the 68 percent significance level which could be interpreted as a consequence of the appearance of a flare event almost every night. Shahbaz et al. (2003) found a QP O feature at 21.5 minutes attributed to variability at the ADAF transition radius. Our longer sampling does not allow us to test this hypothesis. It is possible in any case that variability with different timescales have different origin. 1992, 1998, 1999, 2001, 2002 and 2003 and the lower envelopes constructed as explained in section 3. Different magnitude offsets were aplied for clarity. 
